Abstract. This paper describes the application of the SRNA Monte Carlo package for proton transport simulations in complex geometry and different material composition. The SRNA package was developed for 3D dose distribution calculation in proton therapy and dosimetry and it was based on the theory of multiple scattering. The decay of proton induced compound nuclei was simulated by the Russian MSDM model and our own using ICRU 63 data. The developed package consists of two codes: the SRNA-2KG, which simulates proton transport in combined geometry and the SRNA-VOX, which uses the voxelized geometry using the CT data and conversion of the Hounsfield's data to tissue elemental composition. Transition probabilities for both codes are prepared by the SRNADAT code. The simulation of the proton beam characterization by MultiLayer Faraday Cup, spatial distribution of positron emitters obtained by the SRNA-2KG code, and intercomparison of computational codes in radiation dosimetry, indicate immediate application of the Monte Carlo techniques in clinical practice. In this paper, we briefly present the physical model implemented in the SRNA package, the ISTAR proton dose planning software, as well as the results of the numerical experiments with proton beams to obtain 3D dose distribution in the eye and breast tumor.
Introduction
There is increasing evidence that the Monte Carlo based codes are the most powerful tools for nuclear particles transport calculations. A growing number of medical physicists believe that, in the future, routine dose calculation will be performed using the Monte Carlo techniques (Sempau et al 2000 , Hartman Siantar et al 1997 , which will prove to be dominant engine for dose computation in radiotherapy treatment planning. The most powerful feature of the Monte Carlo techniques is the possibility of simulating all individual particle interactions in three dimensions and performing numerical experiments with preset uncertainties. These facts were the motivation behind the development of the SRNA -general-purpose Monte Carlo package for proton transport simulation. A wide range of the SRNA applications required the development of the SRNA-2KG code and the SRNA-VOX code. The first one is intended for proton transport simulations in technical systems defined by standard geometrical forms (sphere, cone, cylinder, cube). The second one was designed for radiotherapy calculations of deposited energy distribution in patients based on CT data. Both codes are capable of using 3D proton sources with an arbitrary energy spectrum from 100 keV to 250 MeV, while transition probabilities are prepared by the SRNADAT code.
The correctness of the physical model implemented into the SRNA package was verified either through direct comparison with other referent codes for proton transport simulation, or with experiments. The most recent results of verification are listed in section 2.1., implying great degree of reliability of the proton simulations carried out by the SRNA package, motivating us to develop the ISTAR proton dose planning software. The main features of the implemented physical model for proton transport are presented in section 2.2., while the results of the proton dose planning obtained by the ISTAR software are presented in chapter 3., through two examples of eye and breast tumor irradiation.
The SRNA package and the ISTAR proton dose planning software are coded in Fortran 77 and run on PC under the Windows and Linux operating systems.
Materials and methods

Verification of the SRNA package
The first verification of the SRNA package (Ilic 2002a) , for proton energies of 26.4, 66, 100, 205 and 250 MeV, is base on the good agreement with the results obtained by the referent proton transport codes. Numerical experiments performed by the SRNA-2KG and GEANT-3 codes, as well as by the SRNA-2K3 and GEANT-4 codes gave an additional confirmation that our proton transport model is correct. 
Proton transport model
The simulation of the proton transport in the SRNA package is based upon the multiple scattering theory of charged particles (Berger 1963 , Moliere 1948 , Bethe 1953 , energy losses with fluctuation (Vavilov 1957 , Shulek et al 1966 and our model of compound nucleus decay simulation after proton absorption in inelastic nuclear interactions. The details of this model were described elsewhere (Ilic et al 2002a) . Here, only a brief overview is given. In order to simulate the proton transport, the proton trajectory is divided into small steps, whose length s ∆ is determined by a small energy loss E ∆ , chosen to be several percents of the initial proton energy. The model implemented in the PTRAN code (Berger 1993) shows that the best results are obtained with combined energy scale: logarithmic from 100 keV to about 10 MeV and linear for energy up to 250 MeV. The stopping power ) / ( dx dE can be obtained from ICRU49, or calculated according to the empirical formulae (Ziegler 2000) .
After the nominal energy scale is prepared, it is modified so that the average number of collisions over the step s ∆ is greater than the minimal value (Ω 0 >10), and the Vavilov's parameter κ is smaller than the maximal value ( κ<20). The modified energy scale is then used for calculation of: Vavilov's energy loss distribution, multiple scattering Moliere distribution and all inelastic nuclear interaction distributions (according to the cross section data from ICRU 63 and the Russian MSDM from the SCHIELD code (Sobolevsky 2002) ). Only secondary protons are included in the transport simulation model, while the energy of deuterons, tritons and alpha particles is deposited on the spot of their creation. Neutrons and photons are registered in a data file and can be used by the MCNP code (Bresmeister 1997) to simulate the transport of both particles, or by the FOTELP (Ilic 2002b ) and the PENELOPE (Salvat et al 2003) codes to simulate the photon transport only. The transport simulation of particles is limited by the geometrical description of the transport medium. Real geometric shapes of technical systems may be described by planes and second order surfaces, as in RFG (Altiparmakov and Belicev 1990) or PENGEOM from PENELOPE codes and fourth order surfaces, as in the MCNP code. For description of the patient geometry, standard shapes are usually applied. However, this is only a rough approximation, because it is a technical description of the patient's geometry. The most accurate way of describing it is by means of the CT data (Sempau et al 2000 and Schnieder et al 2000) . They allow 3D transport simulation, including variations of the tissue densities and compositions. Using the same proton transport model, we developed two versions of the SRNA code. The first version uses the RFG or the PENGEOM codes for geometric modeling. The second, voxelized version SRNA-VOX, is adjusted to use the CT data.
The problems concerning the determination of density and elemental composition of the patient's tissue on the basis of the CT data are described elsewhere (Schneider et al 2000) . In our model, the intervals of Houndsfield's numbers are associated to the density and the elemental tissue composition, as shown in Table 1 . Starting from such presentation of Houndsfield's numbers, we use the SRNADAT code to prepare all previously mentioned transition probabilities for the proton energy range from 0.1 to 250 MeV, for all tissue types. From the entire available CT data only the part that contains the region of interest for irradiation planning is extracted. In this way, a subset of CT data, stored in Hound.txt file is generated. Using the tissue enumeration in Table 1 , a list of all material indices for materials that appear in Hound.txt is placed in Hound.dat file. Transition probabilities are indexed using the same values. Thus, by using the material indices, the data for determining the status of protons and secondary particles are easily accessed after each interaction.
Results
ISTAR -proton dose planning software
Last few years, the attention of medical physicists was focused on possible applications of the Monte Carlo techniques for radiotherapy planning in general, and especially for proton therapy. In the clinical practice, available anatomy imaging techniques are nearing the desirable geometric resolution for definition of the tumor shape and dimensions, necessary for therapy planning.
Such trends lead to solving two important problems in proton therapy planning: (1) development of the Monte Carlo proton transport numerical engine capable of producing a therapy plan in less than 30 minutes and (2) development of clinically acceptable on-line procedures comprising all steps necessary for proper patient treatment. In the following, the capability of the ISTAR software in solving the first of these problems is presented.
Beam geometry and simulation setup
It is assumed that the tumor location is defined using the CT image with sufficient precision. The irradiation plan begins with the selection of the tumor region within a rectangular box. The selected region is defined by the indices of the first and the last CT slice in the longitudinal (Z) direction, and by marking the area in the transversal (X-Y) plane. The beam center position, defining the position of proton beam axis, should be selected at this step.
In the next step, the user activates the "Proton data planning" window, shown in Figure 1 , where the following three areas can be identified: (1) Picture Planning Data containing information about the boundaries of the space selected for simulation; (2) Beam geometry with fields for selection of the beam shape (rectangular or cylindrical) and dimensions, Euler angles defining the direction of the beam axis with respect to the selected "Beam center", and polar and azimuthal angles of the proton emission within the local SRNA-VOX coordinate system; (3) Simulation setup with fields for selection of proton energy (mean energy and standard deviation for Gaussian distribution, or custom defined spectrum), simulation cutoff energy, number of proton histories and the simulation time limit. The result of these actions is written in two files: (i) Hound.txt containing data about the defined region, proton source and Houndsfield's numbers for all voxels of the region; (ii) Srna.inp with the setup data for simulation. 
Proton dose distribution
Using the transition probabilities for all tissue types in Table 1 , prepared in advance with the SRNADAT code, and the files created by the ISTAR, the Monte Carlo simulation starts with execution of the SRNA-VOX code. Using these data as well as the Srna.inp file and the Hound.dat file, converted from Hound.txt for actual tissue material, the simulation of the proton transport begins. On a 1.6 GHz/512 MB PC, the simulation time for 65MeV protons beam containing 10 6 particles, is around 10 minutes. After the simulation is completed, several useful output files are available. Redose.txt contains the number of slices and X/Y axis pixels followed by the values of absorbed dose in each voxel.
After returning to the ISTAR, using the "Open REDOSE Image" menu item, the values of the absorbed proton dose are displayed over the CT slice image. These values can be normalized either to the maximum value in the slice, or to the maximal value in the entire irradiated region. Image viewing commands include a transparency (blending) intensity control. The code allows selection of different palettes, for displaying various isodose levels.
Taking into consideration that the previous results of the verification of the SRNA package concern only the proton transport simulations in water phantoms, and that the considered geometries were relatively simple, in this paper we decided to treat some more realistic cases, both in shape and material composition. As for the proton energies, they are chosen to correspond to the proton beams which will be available from the VINCY Cyclotron at the TESLA Accelerator Installation (Neškoviae et al 2003) .
The capabilities of the ISTAR proton dose planning software are presented on the following two examples: eye uvela melanoma and breast tumor.
Eye dose distribution
The CT of the patient's head with voxel dimensions of 0.5 x 0.045 x 0.045 cm 3 was used. The melanoma was assumed to be at the bottom of the eye, spherically shaped with a radius of 0.8cm. Using the ISTAR software, a therapy plan was made using a cylindrical proton beam of 1cm radius and Gaussian energy spectrum (<E>= 50 MeV, energy spread 1.2 MeV). The simulation was performed with 10 6 proton histories. Figure 2 shows the proton dose distribution on a slice in the equatorial plane of the eye. Similar figures can be produced for each slice above/below the equatorial plane, within the boundaries of the selected region. This simulation took 7.62 minutes on the aforementioned PC. 
Breast dose distribution
As a second example, a CT image of a breast with voxel dimensions of 0.5 x 0.0732 x 0.0732 cm 3 was chosen. A therapy plan with a cylindrical proton beam of 1.2 cm radius and with Gaussian energy spectrum (<E>= 65 MeV, energy spread 1.2 MeV) and 10 6 protons in the beam. The resulting proton dose distribution is displayed in Figure 3 . Simulation run-time on the aforementioned PC was 9 minutes. 
Conclusion
The development of the SRNA package has been going on by continual upgrading of the implemented physical model, broadening of the proton energy range, and increasing the efficiency of the implemented algorithms in order to decrease the time necessary for proton transport simulation. In parallel with this, subsequent verification the main steps of improvement was carried out by comparison with the referent codes for proton transport simulations. The very good results of this verification proved the consistency of the model implemented in the SRNA package, and motivated us to develop the ISTAR proton dose planning software, based on the knowledge and experience acquired in working on the SRNA package. Additional motivation was the fact that typical execution time for the Monte Carlo based codes on common PC computers is getting substantially short, which was main obstacle for introducing them in everyday clinical practice. In its present status, ISTAR is capable of accepting CT data for defining patient's anatomy and tissue composition. A simple procedure for selecting the irradiation area and incident proton beam parameters allow fast and comfortable calculation of the dose distribution and visualization of it in each CT recorded slice of the patient's body. The statistical error of the obtained results can be made almost arbitrary small by simple increase of the number of the proton histories to a few millions, without exceeding e.g. 30 min as acceptable computer run time. The future activities in the upgrading of the ISTAR software assumes introduction visualization of the dose distribution over a 3D transparent model of the patient body.
